High Frequency Surface Wave Radar (HFSWR), which is currently applied in over-the-horizon detection of targets and sea states remote sensing, can receive a huge mass of ionospheric echoes, making it possible for the ionospheric clutter suppression to become a hot spot in research area. In this paper, from another perspective, we take the ionospheric echoes as the signal source rather than clutters, which provides the possibility of extracting information regarding the ionosphere region and explores a new application field for HFSWR. Primarily, pretreatment of threshold segmentation as well as connected region generation is used in the Range-Doppler (R-D) Spectrum to extract the ionospheric echoes. Then, electron density and plasma frequency of field aligned irregularities (FAIs) caused by plasma instabilities in the F region are obtained by the coherent backscattered radar equation. The plasma drift velocity of FAIs can also be estimated from Doppler shift. Ultimately, the effectiveness of inversion is verified by comparing with IRI2012.
Introduction
HFSWR, taking advantage of the sea-surface diffraction character of vertical polarized wave, has won great success in over-the-horizon sea target detection [1] and sea states remote sensing [2] . Ideally, a perfect conductive plane consisting of sea surface is infinite in coverage area, thus making electromagnetic wave of HFSWR completely travel along the sea. But considering the actual antenna pattern characteristics, poor ground, and array error, partial energy is radiated into sky and reflected by ionosphere. Finally the echoes arrived at radar receiver in various paths, interfering target detection severely as ionospheric clutter [3, 4] .
Many investigations have been made on the suppression of ionospheric clutter [4] [5] [6] [7] , which have also obtained many characteristics of ionospheric clutter. Ionospheric clutter coming from different ionosphere layers has different Doppler shift, for example, Doppler shift from E layer is less than that of F layer. Partial ionosphere clutter has obvious directivity [8] . According to statistical results, the amplitude of most ionospheric clutter is approximate to Rayleigh distribution, while others satisfy Weibull distribution [9] . In addition, the specular clutter coming from near-vertical direction exhibits no apparent resultant directivity while the spread clutter coming from lower elevation angle has high directivity [10] . Furthermore, ionospheric clutter occupying a few range bins, such as specular scattering from Es layer or F layer, has coincident directivity, while ionospheric clutter occupying more range bins, such as from the spread F layer, does not have directivity. And the directivity of ionospheric clutter does not change with frequency [11] .
In this paper, we take the ionosphere clutter as signal source to obtain relative parameters. The clutter signal definitely contains characteristic information of the ionosphere for its reflection from ionosphere. Currently there are two common methods for ionosphere sounding: statistical model and sounding in real-time. The widely used statistical model is the International Reference Ionosphere (IRI). For a given geography and time, the IRI can provide monthly averages of electron density, electron temperature, the molecular composition of the ions, and several additional parameters in the range of altitudes from 50 km to 2000 km. The latest standard is IRI-2012. The advantage of IRI is that it develops as a data-based model to avoid uncertainty of theory-based models. The amplitude of these longitudinal variations is generally smaller in IRI than what is observed because IRI is based on monthly averages and the averaging process smoothes out some of structures. The disadvantage of IRI is strongly dependent on the underlying database. Regions and time periods that are not well covered by the database will result in diminished reliability of the model in these areas [12] . There are only 20-30 ionosphere stations in China; thus the IRI parameters of most regions coming from interpolation should have certain deviations from the actual measurement. Ionosonde is the widely used instrument for ionosphere sounding. Electron density profile, virtual heights, polarization, and Doppler shift can be obtained according to the ionogram of 1-30 MHz scanning-frequency results. But the limitations of the Doppler resolution from ionosonde are too low to measure the ionosphere disturbance [13] . In [13, 14] , Zhou et al. tried to use HFSWR to sounding the information regarding ionosphere. More precisely, in [13] , the authors obtained the time-varying ranges, virtual heights, and horizontal drifting speeds of ionosphere irregularities by using the method of time-frequency distribution and continuous hours of long time observations. In [14] , the authors observed that the distance, Doppler shift, and multipath propagation of ionospheric backscatter signals changed with time. But there are few interpretations on the physical mechanism of ionospheric clutter. This paper thus tries to explain the physical mechanism between the HFSWR wave and ionosphere while estimating the electron density, plasma frequency, and drift velocity of irregularities created by plasma instabilities in the corresponding ionosphere region by the coherent backscattered radar equation.
The organization of this paper is as follows. In Section 2, the HFSWR system is introduced. In Section 3, the method to obtain the vertical ionospheric echoes from the R-D spectrum is given. In Section 4, the electron density, plasma frequency, and drift velocity of irregularities are obtained. In Section 5, experiments had proceeded at different time and were compared with IRI2012 to verify the effectiveness of the method. Conclusions are summarized in Section 6.
High Frequency Surface Wave Radar System
In this paper, measured data come from the HFSWR which is designed by Harbin Institute of Technology. The radar system transmits a frequency modulated interrupted continuous waveform with operating frequency between 3 and 15 MHz. The radar comprises an 18-element log periodic dipole transmitting antenna and an 8-element quadlet (one array element, which is formed by four vertical elements with 1/4 wavelength spacing) vertically polarized antenna receiving arrays, as shown in Figures 1 and 2 , respectively, at Weihai, Shandong.
Figures 3 and 4 show sketch maps of the log periodic dipole transmitting antenna and the vertically polarized antenna receiving arrays, respectively. Figure 5 shows the pattern of log periodic dipole transmitting antenna by High Frequency Structure Simulator (HFSS). It obviously shows that the antennae radiate partial electromagnetic wave to elevation especially to the zenith regardless of frequency. Figure 6 shows the pattern of receiving antenna at 9 MHz also from HFSS. We can see that the receiving gain of zenith remains about −8 dB on an ideal conductive plane. If considered on a nonideal conductive plane (the electrical parameters for the poor ground are 1 = 0.003 Ω −1 m −1 , = 4, where 1 is the conductivity and is relative dielectric constant of the land), the zero of vertical pattern shifts from zenith to left, whether in transmit or receive pattern [4] . So HFSWR certainly can receive the ionosphere echoes from zenith in practical engineering system.
Pretreatment of Ionospheric Echoes
Generally, HFSWR transmits frequency modulated interrupted continuous (FMICW) and receives signals by the uniform liner array (ULA). By using pulse compression, digital beam forming (DBF), and fast Fourier transformation (FFT) for the receiving signals from every antenna element, we can obtain the Range-Doppler (R-D) spectrums of arbitrarily azimuth angles. Since each R-D spectrum includes ionosphere echoes from all elevation angles, it is required to extract the vertical ionospheric echoes firstly.
The R-D spectrum of each beam contains the ionospheric echoes with all elevation angles, so the overlaps of all the beams only cover the elevation direction of 90 degrees. Therefore, the vertical ionospheric echoes can be obtained by extracting overlaps of all beams at the same time.
But R-D spectrum also contains sea clutter, meteoric trail, and atmospheric noise, so it should be pretreated. The pretreatment procedure includes the threshold segmentation and generation of connected region.
Threshold Segmentation.
The threshold segmentation mainly eliminates the background noise. Since the ionosphere echoes from high frequency wave should not exist for less than 60 km in R-D spectrum, the average power in this area is nearly equal to noise power. Generally, clutter noise ratio is about 20∼35 dB, so let = + 20 to preserve ionosphere clutter, where is the threshold and is the noise power.
Generation of Connected Region.
The disadvantage of threshold segmentation is that it ignores the shape characteristics of the ionosphere echoes, which are always displayed as plane or band. Consequently, the next processing is the image segmentation by connected region generation.
The R-D spectrum after the second step still contains sporadic noise and a little sea clutter. The widest connected region is chosen as the ionospheric echoes based on the prior information of height. Then the vertical ionosphere echoes can be obtained.
Modeling HFSWR Ionospheric Backscatter Characteristics

Electron Density Estimations by Radar Equation.
The classical radar equation for a monostatic HFSWR is defined as
where is the received power; is the transmitted power; is the transmitter antenna gain; is the receiver antenna gain; is the radar cross section (RCS); is the radar wavelength; is the target range; is the system loss.
The ionospheric scatters cannot be modeled as a single point scatter but distributed scattering from a three-dimensional volume. Thus, a more appropriate form of the generalized radar equation can be given by where Δ ( , , ) is the volume of the resolution cell at nominal coordinates ( , , ), and
where Δ is the range resolution and 3 , 3 are the 3 dB beam widths in azimuth and elevation. Considering the attenuation of electromagnetic wave propagation in ionosphere and using approximation, we can reduce (2) to the range equation for ionosphere scatters:
where is the reflectivity of effective scatter volume (ESV) which is formed by the intersection of radar beam with ionosphere. is the volume of ionospheric scatter. is the attenuation of electromagnetic wave propagation in ionosphere. and are discussed in detail as follows.
ESV Reflectivity.
It is convincing that the ionospheric echoes of HFSWR mainly occur from coherent scattering between electromagnetic wave and irregularities caused by plasma instabilities. According to the Bragg scatter conditions for monostatic backscatter [15] ,
where irr is the scale size of ionosphere irregularities, which means that the scale size of irregularities between 5 and 50 m can be observed by HFSWR. For the magnetic plasma in the ionosphere region, irregularities at these scale sizes are highly anisotropic and aligned with the geomagnetic field lines. The reflectivity of effective scatter volume irregularities can be expressed as follows [16] :
where Δ 2 is the average level of the electron density fluctuations, is the radar wave-vector in the medium, and ‖,⊥ is the scale size of irregularities along and across the external magnetic field ⃗ B, respectively. is the aspect angle between and ⃗ B. Equation (6) is based on the assumption that ‖ ≫ ⊥ and ‖ ≫ 1 so that exhibits peak when = 0 ∘ , namely, ⃗ ⊥ ⃗ B. To simplify (6), we make another assumption: Δ 2 ∝ 2 . That implies that magnitude of electron density fluctuations with fixed Bragg scale size irr has linear relationship with the electron density, which is also consistent with experimental results [17] . Assuming that other parameters are constant, (6) reduces to
The Attenuation of Electromagnetic Wave Propagation in Ionosphere.
In the mid-latitude region, attenuation of high frequency wave propagation mainly contains the absorption and additional attenuation [18] :
where is the absorption of D layer and is the additional attenuation. Generally,
where is the absorption index: where 12 is the mean value of sunspot in the year. is the local solar zenith angle.
Considering actual impact such as polarization coupling attenuation, ionospheric irregularities, focus, and defocus, usually = 9.9 dB. So the electron density can be obtained by
Plasma Frequency Estimations from HFSWR.
According to the Appleton-Hartree formula, the plasma frequency can be expressed as
holds, where V is the ionospheric electron collision frequency and is the ionospheric electron cyclotron frequency. For the operating frequency of HFSWR 0 ≃ 3-15 MHz, those conditions are easy to be satisfied in the whole E and F layer.
Irregularities Drift Velocity Estimations from HFSWR.
The velocity of irregularities caused by plasma instabilities can be obtained from the Doppler shift of the HFSWR coherent backscatter signal: where V irr is the HFSWR line-of-sight velocity of irregularities, which drift at the ⃗ E × ⃗ B direction in the ionospheric region. 0 is the HFSWR wavelength and is the Doppler shift. For a given range bin of ionosphere echoes, the mean drift velocity of plasma is the first moment of Doppler spectrum:
where ( ) is the power spectral density function of .
Experiments and Analysis
The HFSWR location is as follows:
longitude: 122.1 ∘ and latitude: 37.5 ∘ .
The main system parameters are as follows:
Pulse repetition frequency: = 4 ms.
Sweep period: sw = 32 × = 128 ms.
Coherent processing interval:
= sw × 256 = 32.8 s.
Bandwidth:
= 30 kHz. The experiments were conducted at night, morning, and afternoon, respectively. After threshold segmentation and connected region generation, the vertical ionosphere echoes are shown in Figure 8 . Although the peak power of Es layer echoes is higher than (11) and (12), respectively. Table 1 shows the experimental results compared with that of IRI2012 in the order of time: May 23 evening, 24 afternoon, and 25 morning 2014. Table 1 shows that the electron density from (11) roughly has the same order of magnitude as IRI. The difference between estimation values and IRI may be caused by the assumption of constant in (6) . The estimated values of the day accord with the IRI better than that of the night. The observational data at night has always been different from IRI. For example, there are so many intense ionospheric echoes from E layer for HFSWR while E layer disappeared in IRI. And those echoes always tend to last a few hours and occupy several range bins which is different from Es layer. Therefore Jiang et al. refer to the new ionospheric structure as spread E layer [11] .
Conclusions
The main purpose of this paper is to reveal the physical mechanism of the ionospheric clutter for HFSWR. Unlike most papers concentrating on ionospheric clutter suppression, this paper tries to preform sounding ionosphere by the received ionospheric clutter. Therefore the HFSWR can not only detect target in over-the-horizon detection and ocean remote sensing but also perform sounding the ionosphere in the range of radar coverage. Firstly, the pattern of transmitting antenna and receiving antenna is simulated by HFSS so that we can know the spatial distribution of the ionosphere. After the pretreatment of ionospheric echoes we get the vertical HFSWR ionosphere echoes. Then we discussed the coherent scattering mechanism and established the mathematical modeling of the receiving power and electron density of irregularities. So the electron density of FAIs created by plasma instabilities in the corresponding ionosphere region can be obtained by the coherent backscattered radar equation while plasma frequency and drift velocity can be obtained at the same time. Most of the experimental results are roughly consistent with IRI2012 except data in the evening. The function of HFSWR looks like ionosonde in this paper. In fact, this is just the first step of our future works. Next we will retrieve the ionospheric parameters of the whole HFSWR coverage region which may have over ten thousand cubic kilometers and be hardly detected by other ionosphere soundings. The ionospheric information will be very beneficial to shortwave communication, frequency selection for high frequency sky wave radar and HFSWR, and the relationship between ionosphere and sea state.
